1.. Introduction
================

Heavy metals and pesticides are amongst the most significant environment pollutants today \[[@b1-sensors-13-06394]--[@b3-sensors-13-06394]\]. These pollutants are chemically different and require different methods of detection. Many lab-based techniques for measuring heavy metals and pesticides are based on spectroscopic and chromatographic methods. Unfortunately, these instruments require skillful operators and are time consuming, when rapid screening of environmental samples is required \[[@b4-sensors-13-06394]--[@b7-sensors-13-06394]\].

Biosensors can be an alternative tool for the screening of environmental pollutants, as biosensors are highly sensitive, detect rapidly, are portable and suitable for online operations \[[@b5-sensors-13-06394],[@b8-sensors-13-06394]--[@b11-sensors-13-06394]\]. Living organisms are increasingly used as the agent to detect the presence of pollutants, and whole cells are seen to have particular advantages for such environmental monitoring tasks. Whole cell biosensors however have generally been limited by their short storage life and the instability of the cells.

Immobilization of biological elements is important to enhance the performance of biosensors, by bringing the biological elements which serve as the reaction site closer to the transducer \[[@b8-sensors-13-06394],[@b12-sensors-13-06394],[@b13-sensors-13-06394]\]. Immobilization of whole cells can be accomplished either by direct entrapment onto a matrix surface \[[@b7-sensors-13-06394],[@b14-sensors-13-06394]\], or through certain immobilizing agents \[[@b15-sensors-13-06394],[@b16-sensors-13-06394]\] such as polysaccharides (e.g., carrageenan and chitosan), proteins (e.g., gelatin and collagen) or synthetic polymers (e.g., polyvinyl alcohol (PVA) and poly 2-hydroxyethyl methacrylate (pHEMA)). The immobilizing agents can be gelled into hydrophilic matrices under mild conditions, thus allowing cell entrapment with minimal loss of cell viability. Gelation of polysaccharides and proteins generally requires slightly elevated temperatures or non-neutral pH conditions. These requirements are less desirable compared to pHEMA, which can form an immobilization matrix for cells under room temperature and neutral pH conditions.

pHEMA forms a knitted structure after the hydrogel is coated onto the supporting material. The gel helps prevent mechanical leakage of cells and avoid bacterial contamination \[[@b17-sensors-13-06394]\]. Capable of retaining up to 70% of water in its structure, the polymer provides a suitable environment for cellular reactions \[[@b18-sensors-13-06394]\]. The ability to coat the gel under room temperature and neutral conditions makes the polymer a good candidate to be used on biological elements which are susceptible to high temperatures and non-neutral conditions \[[@b8-sensors-13-06394],[@b19-sensors-13-06394]--[@b21-sensors-13-06394]\].

pHEMA has been successfully used as immobilizing agent in several enzyme and whole cell biosensors. For example, the immobilization of tyrosinase in the phenolic compounds biosensor using potentiostat as the transducer \[[@b22-sensors-13-06394]\], the immobilization of diamine oxidase in the histamine biosensor with oxygen electrode transduction \[[@b23-sensors-13-06394]\], the immobilization of alanine dehydrogenase in the ammonium ion biosensor with the biological signals transduce by potentiostat \[[@b24-sensors-13-06394]\], and in whole cell applications, Tay *et al.* \[[@b8-sensors-13-06394]\] and Wong *et al.* \[[@b16-sensors-13-06394]\] have successfully immobilized the cyanobacterium *A. torulosa* in biosensors for heavy metal detection, with an oxygen electrode used as the transducer. To date, there are only two published articles regarding the use *A. torulosa* in biosensors \[[@b8-sensors-13-06394],[@b16-sensors-13-06394]\]. The use of immobilized *A. torulosa* with fluorescence transduction as a toxicity biosensor as described in this paper is a topic that has never been explored before.

In this paper, we report the effect of pHEMA as the immobilizing agent in a cyanobacteria-based fluorometric biosensor for heavy metal and pesticide detection. A small portion of energy received by the cyanobacteria from sunlight is converted and released as fluorescence \[[@b25-sensors-13-06394]\]. The presence of any substance such as heavy metals and pesticides that inhibits the photosynthetic electron transport pathways will increase the fluorescence emission because the light energy absorbed during excitation could not be utilized in photosynthetic system and has to be released again. The change in fluorescence emission can be measured with a fluorescence spectrophotometer.

The chlorophyll-containing cyanobacterium *A. torulosa* was chosen in this study as cyanobacteria are able to fluoresce naturally under the exposure of certain excitation wavelengths. The organism also forms filamentous colonies that enable direct entrapment of the colonies onto cellulose membranes without leakage. Experiments on the effects of pHEMA were conducted by coating a layer of pHEMA on top of the immobilized cyanobacteria.

2.. Experimental
================

2.1.. Reagents
--------------

Bold Basal Medium \[[@b23-sensors-13-06394],[@b24-sensors-13-06394]\] for bacteria culture and pHEMA with mw = 30.000 were obtained from Sigma (Dorset, UK). 1,4-dioxane and O,O-diethyl O-(3,5,6-trichloro-2-pyridyl)phosphorothioate (chlorpyriphos) were purchased from Fisher Scientific (Longhborough, UK). Copper nitrate Cu(NO~3~)~2~, lead nitrate Pb(NO~3~)~2~, and cadmium nitrate Cd(NO~3~)~2~ were purchased from Merck (Darmstadt, Germany), while 2,4-dichlorophenoxyacetic acid (2,4-D) was purchased from Fisher (Pittsburgh, PA, USA). All solutions were prepared in deionized distilled water. All the glassware used was autoclaved at 121 °C for 15 minutes.

2.2.. Construction of the Biosensor
-----------------------------------

The cyanobacateria *A. torulosa* (Carolina Biological Supply Co., Burlington, NC, USA) was cultivated in Bold Basic Medium in a growth chamber (GC500, Protech, Seri Kembangan, Malaysia) at 18.5 °C, with 1,000 Watt/m^2^ white fluorescent illumination and light/darkness maintained at 16/8 hours. The culture was manually agitated for better aeration and to prevent cells from clumping. A suspension containing 5.0 mL of day-7 culture (OD700 nm = 0.3 Abs) was directly entrapped onto a cellulose membrane via filtration with a vacuum pump. The membrane was later air-dried at 18.5 °C and punched into small discs (diameter, d = 0.6 cm). This is followed by adding of 20.0 μL of pHEMA solution (20.0 mg/mL, with H~2~O: 1,4-dioxane = 4:1) on the surface of the membrane and the discs were left to dry for 12 hours at 18.5 °C to immobilize the cells. Individual dried discs were then attached to a well with d ≈ 0.8 cm and fixed onto an optical probe connected to a fluorescence spectrophotometer for measuring the fluorescence signal after excitation. The design of the biosensor containing the pHEMA is illustrated in [Figure 1](#f1-sensors-13-06394){ref-type="fig"}.

2.3.. Operation of the Biosensor
--------------------------------

*A. torulosa* in the well was activated by adding 10 μL of distilled water. For toxicity tests, a volume of 20 μL of Cu, Pb, Cd, 2,4-D, and chlorpyriphos at varying concentrations were added to the well, respectively. The exposure time was set to 30 minutes. Fluorescence intensity was measured before and after the exposure of the toxicants, using a fluorescence spectrometer (LS 55, PerkinElmer, Wiesbaden, Germany), with the excitation and emission wavelengths set to 526 nm and 648 nm, respectively. The biosensor was working at room temperature at pH 7. A volume of 20 μL of distilled water was added to a cell-containing well as control. The percentage of increase in fluorescence after the exposure was determined using the following equation: $$\%\ \text{increase\ of\ fluorescence} = \%\ \text{increase\ of\ fluorescence\ for\ analyte}–\%\ \text{increase\ of\ fluorescence\ for\ blank}$$

The effects of pHEMA on the detection limits, sensitivity, reproducibility, and the storability of the biosensor were also determined.

3.. Results and Discussion
==========================

3.1.. Cyanobacteria Culture and Cell Optimization
-------------------------------------------------

Bold Basal Medium was modified from the Bristol Medium, which contained all macronutrients and micronutrients necessary for the optimum growth of cyanobacteria and for long term cultivation of algae and cyanobacteria \[[@b26-sensors-13-06394],[@b27-sensors-13-06394]\]. Cyanobacteria from the exponential growth phase were used throughout the experiment. The number of cells was determined according to optical density (OD) determination at 700 nm, which can be linearly correlated to the number of cyanobacteria \[[@b8-sensors-13-06394],[@b28-sensors-13-06394]\]. The method is faster and easier than cell counting by hemocytometer. The same method was also used for cell number determination for algae and bioluminescence bacteria \[[@b7-sensors-13-06394],[@b29-sensors-13-06394]\].

The initial experiment was to test the fluorescence emission capacity of *A. tolurosa*. Five different amounts of *A. torulosa* (2.2 × 10^5^, 6.6 × 10^5^, 1.1 × 10^6^, 2.2 × 10^6^, and 3.3 × 10^6^) were immobilized onto the cellulose membrane. The experiment was carried out in triplicate. Membrane with 1.1 × 10^6^ cells yielded the highest fluorescence emission ([Figure 2](#f2-sensors-13-06394){ref-type="fig"}), with fluorescence intensity decreasing at higher concentrations of cells. This was likely due to reabsorption of the emitted fluorescence by neighboring cyanobacteria \[[@b7-sensors-13-06394],[@b30-sensors-13-06394]\]. Thus the immobilized cells used in all subsequent experiments were set at 1.1 × 10^6^ cells.

3.2.. pHEMA Optimization
------------------------

The presence of pHEMA significantly reduced fluorescence yield, at the same time lengthening the activation time ([Figure 3](#f3-sensors-13-06394){ref-type="fig"}). These effects were expected as the presence of an extra layer of hydrogel increases scattering of the emitted fluorescence. The water added for the activation of the cells will need time to permeate through the hydrogel layer to reach the cells. pHEMA exceeding 20 mg/mL reduced the fluorescence significantly. Thus 20 mg/mL pHEMA was taken as the optimized concentration for the immobilization while the activation time was set at 40 minutes. Activation is necessary to improve the performance of whole cell biosensors \[[@b7-sensors-13-06394],[@b31-sensors-13-06394]\].

Different amounts of pHEMA did not affect the time taken to reach maximum intensity of fluorescence to Cu as shown in [Figure 4](#f4-sensors-13-06394){ref-type="fig"}. In all cases, the highest yield of fluorescence was achieved within 30 minutes. However, without pHEMA, a decrease in fluorescence after 30 min exposure to Cu was observed. Therefore 30 minutes was taken as the activation time for all subsequent trials.

[Figure 5](#f5-sensors-13-06394){ref-type="fig"} shows the effect of the drying temperatures for pHEMA, with the biosensor tested on Cu 0.01 μg/L. The discs with 20 mg/mL pHEMA were dried at 4, 18.5 and 28 °C, representing the temperature of the fridge, the growth chamber, and normal room temperature, respectively. The results showed that the temperature of the growth chamber (18.5 °C) gave the highest fluorescence yield.

3.3.. Toxicity Tests
--------------------

Tests on Cu, Cd, Pb ([Figure 6](#f6-sensors-13-06394){ref-type="fig"}) and 2,4-D and chlorpyrifos ([Figure 7](#f7-sensors-13-06394){ref-type="fig"}) showed the presence of pHEMA did not affect the trend of responses. Fluorescence yields increased proportionately to the increase of the concentration of the pollutants, and stayed at the same maximum fluorescence level at higher analyte concentrations ([Figures 6](#f6-sensors-13-06394){ref-type="fig"} and [7](#f7-sensors-13-06394){ref-type="fig"}). However, an overall lower fluorescence yield compared to the tests without pHEMA was evident.

[Table 1](#t1-sensors-13-06394){ref-type="table"} shows that the presence of pHEMA significantly affects (p \< 0.05) the linear detection ranges of Pb, Cd, and chlorpyrifos, but not Cu and 2,4-D (p \> 0.05). The slope values which indicate the sensitivity of the biosensor to the pollutants demonstrated that the presence of pHEMA had lower the sensitivity of the biosensor in the detection of all heavy metals and pesticides. However, the biosensor with pHEMA produced overall higher values of r^2^ (\>0.9) for all the tests conducted, showing a good correlation between the fluorescence yield to the concentration of the pollutants. The experiment revealed the biosensor to be sensitive to various types of heavy metals and pesticides, which is an advantage for the screening of toxicity for a sample without identifying the source of toxicity.

3.4.. Analytical Performance of Toxicity Biosensor
--------------------------------------------------

The lowest limits of detection (LLD) as described by Miller and Miller \[[@b32-sensors-13-06394]\] for Cu, Cd, Pb, 2,4-D and chlorpyrifos with pHEMA were 1.410, 0.250, 0.500, 0.235 and 0.117 μg/L, respectively. For the biosensor without adding pHEMA, the LLD for the same pollutants were 1.195, 0.027, 0.0100, 0.025 and 0.025 μg/L respectively.

The biosensor reported in this paper showed that a change in the transduction method from electrochemical as reported by Tay *et al.* \[[@b8-sensors-13-06394]\] to the present method using fluorescence has improved the response to various toxicants and lower the LLD by almost 1,000-fold. This is a significant achievement of this work when compared with previously reported work.

Reproducibility of the biosensor can be calculated based on RSD \[[@b33-sensors-13-06394]\], with a value of RSD within ±20% indicating good reproducibility \[[@b34-sensors-13-06394]\]. With pHEMA, the average RSDs of the biosensor (n = 3) for Cu, Pb, Cd, 2,4-D and chlorpyriphos were ±1.82%, ±1.35%, ±2.13%, ±1.97%, ±1.68%, respectively. The same tests without pHEMA produced RSDs of ±2.82%, ±4.80%, ±4.29%, ±3.23%, ±3.52%, respectively. The as-constructed biosensor showed very good reproducibility, with the presence of pHEMA improving the reproducibility of the biosensor by 48%.

The storage stability of the biosensor is improved compared to those without pHEMA. This can be seen in [Figure 8](#f8-sensors-13-06394){ref-type="fig"}, where there is a sharp decrease in the response of the biosensor with storage time for cells immobilized without pHEMA. Gradual reduction of response over a 25 days\' period was observed when pHEMA was used. This demonstrated the ability of the pHEMA to stabilize and maintain the cell activities. After 10 days of storage, the stability of the biosensor without pHEMA was reduced by 38.9%. The presence of pHEMA improved the stability by 11.6%. On day 25, the biosensor with pHEMA recorded fluorescence yield 5.2% better than the test without pHEMA. The decrease of fluorescence yield caused by prolonging storage was anticipated. Generally, the good correlation between storage period and fluorescence yield was indicated by the high value of r^2^ (\>90%).

4.. Conclusions
===============

A whole cell biosensor has been developed with immobilization of cyanobacteria *A. torulosa* using pHEMA. Compared with the immobilization without pHEMA, the use of pHEMA in the biosensor was found to enhance the reproducibility, storage stability and produced better linear response correlations to the concentration of the pollutants. Although pHEMA increases the limits of detection of the biosensor, the lowest limits of detection in parts per billion still makes the biosensor with pHEMA a suitable and useful device for qualitative (especially for rapid screening) and quantitative determination of environmental pollutants such as heavy metals and pesticides. With these results, we would suggest that pHEMA is a good immobilizing polymer for filamentous cyanobacteria cells in biosensor applications.
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![The hydrogel pHEMA (1) immobilizes the cyanobacteria (2) on a cellulose membrane (3) which was then attached to a well with d ≈ 0.8 cm (4). The well was attached to the optical probe (5), which was connected to the fluorescence spectrophotometer (6) and computer (7) for the detection of analytes (heavy metals and pesticides).](sensors-13-06394f1){#f1-sensors-13-06394}
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![Biosensors tests on Cu, Cd, and Pb from 0--100 μg/L. The asterisk \* marks the results from the tests with pHEMA.](sensors-13-06394f6){#f6-sensors-13-06394}

![Biosensors tests on pesticides 2,4-D and chlorpyrifos. The asterisk \* marks the results from the tests with pHEMA.](sensors-13-06394f7){#f7-sensors-13-06394}

![The effect of pHEMA on storability of biosensor, with the test on Cu 5 μg/L.](sensors-13-06394f8){#f8-sensors-13-06394}

###### 

The linear equations, the value of r^2^, linear detection ranges, and average RSD of Cu, Cd, Pb, 2,4-D and Chlorpyriphos biosensors, with asterisk \* marks the tests conducted with pHEMA.

  **Pollutants**   **Linear Equation**    **r^2^**   **Linear Detection Range (μg/L)**   **Average RSD (±%)**
  ---------------- ---------------------- ---------- ----------------------------------- ----------------------
  Cu               y = 0.9957x + 5.0407   0.9402     2.50--10.00                         2.49
  Cu\*             y = 1.3692x -- 1.78    0.9531     2.50--10.00                         1.63
  Cd               y = 3.2958x + 14.357   0.9261     0.50--10.00                         5.17
  Cd\*             y = 3.2259x + 0.3342   0.9507     0.50--5.00                          2.95
  Pb               y = 5.31x + 11.199     0.9707     0.50--5.00                          5.31
  Pb\*             y = 1.0322x + 3.836    0.9835     1.00--7.50                          2.37
  2,4-D            y = 76.931x + 5.128    0.9763     0.05--0.75                          3.95
  2,4-D\*          y = 20.702x + 3.0857   0.9206     0.05--0.75                          1.50
  Chlorpyrifos     y = 20.882x + 21.687   0.9526     0.05--0.75                          4.48
  Chlorpyrifos\*   y = 16.337x + 1.5428   0.9981     0.01--0.75                          2.20
